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We describe the three-body loss coefficient of identical fermions with p-wave interactions using
a set of rate equations in which three-body recombination happens via an indirect process. Our
theoretical treatment explains experimental results just above the universal scaling law regime of
weak interactions. Furthermore, we theoretically extend and experimentally verify the rate equation
model for the case of atoms trapped in two dimensions. Moreover, we find that the three-body loss
coefficient in a two-dimensional trap is proportional to A3p in the weakly interacting regime, where
Ap is the scattering area. Our results are useful in understanding three-body physics with p-wave
interactions.
I. INTRODUCTION
Many-body quantum systems such as ultracold atoms
offer great control and versatility due to Feshbach reso-
nances, which allow accurate control of interatomic in-
teractions via external magnetic fields. Such resonances
occur when the kinetic energy of two colliding atoms in
an open channel and the energy of bound-state atoms in
the closed channel potential become degenerate. Higher
partial wave interactions across these resonances, such as
p-wave Feshbach resonances, have specific features and
signatures unlike their s-wave counterparts [1–5], for ex-
ample, anisotropic phases of p-wave condensates [2, 5]
and the possibility of observing different quantum phase
transitions across p-wave Feshbach resonances due to rich
p-wave order parameters [1, 4, 5]. Some of these phase
transitions across the p-wave Feshbach resonances for
fermions are similar to the phases of superfluid 3He [6].
The p-wave Feshbach resonances in ultracold fermionic
gases have been observed experimentally [7, 8]. These
p-wave Feshbach resonances have been widely used to
explore inelastic collision losses [7–17], the creation of
p-wave Feshbach molecules [8, 18–20], the binding en-
ergies of p-wave Feshbach molecules [18, 21], the deter-
mination of scattering parameters [22], and p-wave con-
tacts [23–26]. Following the advancement of s-wave few-
body physics, an impressive amount of theoretical effort
was devoted to the case of identical Fermions near a
p-wave Feshbach resonance in three dimensions [27–33]
and in two dimensions [5, 34–46]. On the experimen-
tal side, three-body loss coefficients K3 as a function
of interaction strength and temperature were measured
in three-dimensional (3D) traps [7, 8, 15, 16]. The ex-
periments conducted in Ref. [15] successfully verified the
temperature threshold behavior of K3 ∝ T 2 at the low-
temperature (T ) limit and the scattering volume scaling
law of three-body loss coefficients, K3 ∝ V 8/3p , but only
∗Electronic address: mwaseem328@gmail.com
for relatively weak interactions. Since the first experi-
mental study of spin-polarized interacting Fermi gases in
two dimensions using a p-wave Feshbach resonance [11],
systematic studies of two-body spin relaxation losses [14]
and the creation of the p-wave Feshbach molecules in
the ml = ±1 angular momentum state have been per-
formed [20]. A systematic understanding of three-body
collision losses of identical fermions confined in a two-
dimensional (2D) trap is also needed in experiments
due to its importance in stability [5, 12] and few-body
physics [34, 38].
In this paper, we present a quantitative analysis to ex-
plain the three-body loss coefficient of identical fermions
with p-wave interactions using a set of rate equations
describing three-body recombination as an indirect pro-
cess. Our theoretical model explains the experimental
results only above the universal scaling law regime of
weak interactions and requires only a single parameter
representing a collision rate coefficient between a free
atom and quasiresonant molecules. For cross verifica-
tion of the rate equation model, we extend it to the case
of atoms trapped in two dimensions and again find good
agreement with experimental data above the weak in-
teraction regime. Furthermore, we found that the three-
body loss coefficient in a 2D trap is proportional to A3p in
the weakly interacting regime, where Ap is the scattering
area.
This article is organized as follows. Section II describes
our theoretical treatment for three-body recombination
losses as an indirect process. In Sec. III, we compare our
theoretical discussion with experimental results. In Sec.
IV, we present our conclusions and outlook regarding this
work.
II. THEORETICAL MODEL
Three-dimensional theory: We consider the narrow
Feshbach resonance that occurs in a p-wave collision be-
tween the lowest-energy hyperfine state of 6Li atoms lo-
cated at a magnetic field strength of B0 = 159.17(5) G.
The two-body p-wave interactions are described by an
2effective-range expansion of the p-wave scattering phase
shift δp(k) as [47, 48]
k3 cot δp(k) = −1/Vp − kek2, (1)
where k is a relative wave vector and ke is the effective
range defined as positive. The scattering volume Vp plays
a role analogous to that of s-wave scattering length a and
varies as a function of the external magnetic field B as
Vp = Vbg[1 −∆B/(B − B0)] ≈ Vbg∆B/(B − B0). Here,
Vbg and ∆B are the background scattering volume and
resonance width in the magnetic field, respectively [49].
We used the values Vbg∆B = −(2.8± 0.3)× 106a30 [Gm3]
and ke = (0.055± 0.005)a−10 from our previous measure-
ment [22], where a0 is the Bohr radius. The energy
of the molecular state relative to the threshold varies
as Er = ~
2k2r /m where m is the mass of a
6Li atom
and kr = 1/
√|Vp| ke is the momentum of the resonant
bound state parametrized by the scattering volume Vp
and the effective range ke [13]. The relative kinetic
energy E = ~2k2T/m becomes equal to the energy of
the molecular state relative to the threshold Er at reso-
nance, where kT =
√
3mkBT/(2~2) is the thermal rela-
tive wave number. Near the threshold, the finite lifetime
of the molecular state due to coupling to the continuum
is described by the energy-dependent resonance width
Γr = (2
√
m/ke~)E
3/2 [4, 24].
In order to describe three-body recombination near
the narrow p-wave Feshbach resonance, we treated the
loss of trapped atoms as an indirect successive process.
A p-wave Feshbach resonance can be considered as a
bound quasimolecular state weakly coupled to a contin-
uum above the resonance [4]. Therefore, the rate coeffi-
cient for the generation of quasimolecules KM via two-
body collision at temperature T above the narrow p-wave
Feshbach resonance is [50]
KM = (Γr/~)(6pi/k
2
T)
3/2(2l + 1)e−(kr/kT)
2
, (2)
where l = 1. Then, the rate coefficient of vibrational
quenching of a molecule, KAD, occurs through collision
of the molecule with a third atom. The rate equations
describing the time evolution of atomic number density
n and the density of quasiresonant molecules nD in the
resonance state are
dn
dt
= 2(Γr/~)nD − 2KMn2 −KADnnD, (3a)
dnD
dt
= −(Γr/~)nD +KMn2 −KADnnD. (3b)
Here, instead of having a −K3n3 term, with K3 being
the three-body loss coefficient in the rate equation for
atomic density as a three-body loss term, the three-body
loss is taken into account as a successive process of dimer
creation followed by an atom-dimer collision. Assuming
a steady-state condition of molecular density (dnD/dt =
0), one obtains
nD =
KM
Γr/~+ nKAD
n2. (4)
Under the further condition of fast molecular creation,
(Γr/~)≫ nKAD, we obtain a steady-state rate equation
of the atomic density n in the following form:
dn
dt
= −3KADKM
(Γr/~)
n3 = −K3n3. (5)
Substituting Eq. (2) into Eq. (5), we write the three-body
loss coefficient K3 in the following form:
K3 ≈ 9KAD(6pi/k2T)3/2e−(kr/kT)
2
. (6)
We assume that molecular creation is sufficiently fast
that the three-body loss coefficient is directly related to
the atom-dimer collision coefficient KAD.
Quasi-2D theory: Next, we apply a similar theoreti-
cal treatment to the case of atoms trapped in a quasi-
two-dimensional geometry. In quasi-2D geometry, atoms
are confined in the axial (z) direction with frequency ωz,
and the interatomic separations in the other two direc-
tions (x and y) greatly exceed the axial extension of the
atomic wave function given by the harmonic oscillator
length lz =
√
~/(mωz). In this case, the two-body p-
wave interactions are described by a two-dimensional ef-
fective range expansion of the scattering phase shift δp(q)
as [13, 51, 52]
q2 cot δp(q) = −1/Ap −Bpq2, (7)
where q is a relative wave vector defined for the 2D
case. The scattering area Ap, defined as Ap =
(3
√
2pil2z/4)/
[
(l3z/Vp) + (kelz/2)− 0.065553
]
, was used
as a controllable length scale parameter to tune the
interaction via external magnetic field. Ap depends
upon both the harmonic oscillator length lz and the
3D scattering parameters [13]. The positive dimen-
sionless effective range in two dimensions is Bp =
(4/3
√
2pi) [kelz − 0.14641] − 2 ln(lzq)/pi, which also de-
pends on the 3D effective-range parameter and the har-
monic oscillator length [13].
For the 2D case, the rate for the generation of quasi-
molecules QM via two-body collisions at temperature T
is written as
QM = (γr/~)(4pi/q
2
T )(2l) e
−(qr/qT)
2
. (8)
Here, qT =
√
mkBT/~2 is the thermal momentum in
quasi-2D geometry and qr = 1/
√|Ap|Bp is the momen-
tum of the resonant bound state parametrized by the
scattering area Ap and the effective range Bp [13]. The
two-dimensional resonance energy width is γr = 2E/Bp,
which can be obtained from the pole of the p-wave scat-
tering amplitude fp(q) = −4/ [cot δp(q)− i] in two di-
mensions [39]. Similar to the 3D case, we assume a
steady-state condition for the molecular density and a
condition of (γr/~) ≫ QADns. Here, we denote the
rate constant of vibrational quenching of molecules due
to atom-dimer collisions with QAD and atomic density
with ns. Then, the three-body loss rate coefficient can
be obtained in the form
Q3 ≈ 24piQAD
q2T
e−(qr/qT)
2
, (9)
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FIG. 1: Three-body loss coefficient K3 versus magnetic field
detuning B − B0 at T = 2.7 µK (solid circles), T = 3.9 µK
(solid triangles), and T = 5.7 µK (solid squares). The vertical
bars correspond to the point where kT/kr ≈ 0.3. The black
solid lines show the universal scaling of K3 ∝ V
8/3
p when
kT/kr < 0.3. The dashed curves show the result of Eq. (6)
when kT/kr > 0.3.
which again describes the three-body loss rate coefficient
as a function of magnetic field detuning and the atomic
temperature in terms of the atom-dimer rate coefficient
QAD.
III. EXPERIMENTS
Three-dimensional case: We first trapped 6Li atoms in
the hyperfine ground state of |F,mF 〉 = |1/2, 1/2〉 (≡ |1〉)
and |F,mF 〉 = |1/2,−1/2〉 (≡ |2〉) using a single-beam
optical dipole trap as described in detail elsewhere [22].
In brief, we performed evaporative cooling at 300 G mag-
netic field where the elastic collision cross section is at its
maximum after capturing the atoms with a single-beam
optical dipole trap. To prepare a single-component Fermi
gas, we eliminated the atoms in the |2〉 state by shining
the resonant light for a duration of 50 µs. Then, we
ramped the magnetic field close to the p-wave Feshbach
resonance for the |1〉 − |1〉 state located at 159.17 G to
investigate the loss features. Here, we reduced the fluc-
tuation in the magnetic field to 8 mG by stabilizing the
current in the Feshbach coils using a bypass circuit added
in parallel to the coils [22]. The resonance magnetic field
B0 was determined from the sharp edge of the atomic loss
feature [22]. The doublet structure arising from the reso-
nance shift between different angular momentum projec-
tions ml = 0 and ml = ±1 appears in a p-wave Feshbach
resonance due to dipole-dipole interactions between the
two atoms in a p-wave molecular state [9]. We treated
the p-wave Feshbach resonance as a single resonance due
to overlap of the ml = 0 and ml = ±1 resonances in
6Li [10].
Near the p-wave Feshbach resonance, the density of
atom decay due to three-body recombination losses is
governed by the following rate equation:
dn
dt
= −K3n3 − Γn, (10)
where, Γ is the one-body loss rate. Assuming that the
atomic density profile is Gaussian, integrating Eq. (10)
results in a rate equation that describes the decay of the
total number of atoms, N ,
dN
dt
= −K3
〈
n2
〉
N − ΓN, (11)
where
〈
n2
〉
= (N2/
√
27)
[
mω˜2/(2pikBT )
]3
is the mean-
square atomic density, which we determined from the
atomic density profile obtained from the absorption im-
age. Here, ω˜ = (ωxωyωz)
1/3 is the mean trapping fre-
quency.
Figure 1 shows the three-body loss coefficient K3 as
a function of the magnetic field detuning B − B0 at
T = 2.7 µK and n = 1.2 × 1018m−3 (solid circles),
T = 3.9 µK and n = 1.3 × 1018m−3 (solid triangles),
and T = 5.7 µK and n = 1.5× 1018m−3 (solid squares),
respectively. The vertical bars indicate the magnetic field
detuning values at which kT/kr ≈ 0.3. The dashed curves
in Fig. 1 show the results of Eq. (6), which agree with the
experimental data to the left of the vertical bars. To the
right of the vertical bars, where kT/kr ≤ 0.3 (or equiv-
alently (kT/kr)
2 ≤ 0.1), the measured three-body loss
coefficients show a different trend from Eq. (6). There-
fore, the direct three-body recombination process domi-
nates over the indirect three-body loss coefficient at small
scattering volumes. In this small scattering volume limit,
when kT/kr ≤ 0.3 [15], the three-body loss coefficient K3
follows the universal scaling law of
K3 = C
~
m
k4TV
8/3
p , (12)
as shown by the black solid curves with dimensionless
constant C = 2 × 106 [15] on the right side of the ver-
tical bars. The above scaling law was first predicted by
Suno et al., [28], and was experimentally confirmed in
our previous work [15]. During fitting, we fit the data of
Fig. 1 to Eq. (6) in the nonuniversal regime (left side of
the vertical bars) and to Eq. (12) in the universal scal-
ing regime (right side of the vertical bars) with KAD
and the critical magnetic field detuning δBc = B − B0
as free parameters at each temperature independently.
We obtained consistent values of KAD from all data sets,
which gave KAD ≈ (1.3 ± 0.5) × 10−15 m3/s from the
average of all fits. The values of δBc at the kink location
consistently correspond to kT/kr ≈ 0.30 ± 0.01. In our
case, the ratio (Γr/~)/(nKAD) & 4, which indicates that
three-body losses are due to the two successive processes
of pair creation and collision with a third atom above the
universal scaling regime described by Eq. (12).
The quantity kT/kr is the ratio of the second term to
the first term in Eq. (1). Revamping Eq. (1) [53] under
the condition of V −1p > kek
2, gives
− tan δp(k)
k
= Vpk
2 + keV
2
p k
4. (13)
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FIG. 2: Three-body loss coefficient Q3 versus magnetic field
detuning B −B0 in two dimensions at T = 3.0 µK and ωz =
2pi × 168 kHz (solid circles), and at T = 8.7 µK and ωz =
2pi×350 kHz (solid squares). The vertical bars correspond to
values of δBc = B −B0 at which qT/qr ≈ 0.3. The blue solid
curves show a universal scaling of Q3 ∝ A
3
p when qT/qr ≤ 0.3.
The dashed curves show the result of Eq. (9) when qT/qr >
0.3.
Multiplying the above expression with effective range
ke, using the definition kr = 1/
√
Vpke, and considering
k ≡ kT (because generally the wave vector k shows the
temperature dependence [13]), we obtained a convenient
form of the effective range expansion:
δ˜p = −ke tan δp(k)
kT
≈
(
kT
kr
)2
−
(
kT
kr
)4
. (14)
Hence, kT/kr includes the contribution of the effective
range term in the collisional phase shift and quantifies
the closeness of the dimer bound-state energy level to
the average collision energy of two atoms. In the limit of
small kT/kr in the far-resonant regime, the strength of
the three-body losses due to Eq. (6) falls exponentially
and becomes negligible compared to the direct three-
body recombination losses described by Eq. (12). As a
result, the three-body losses due to the universal scaling
of Eq. (12) increase, starting to dominate at kT/kr ≈ 0.3
in our case. Furthermore, the effect of the effective range
ke that is included in Eq. (6) becomes irrelevant when
kT/kr ≤ 0.3, which is consistent with previous obser-
vations [15, 28]. Our current theoretical description of
the three-body loss coefficient above the universal scal-
ing regime converges to a single physical parameter KAD
instead of two unknown parameters β and γ [15].
Quasi-2D case: We prepared a 2D Fermi gas by adia-
batically shining an optical lattice potential using a laser
with a beam waist of 65 µm at 1064 nm, as described
elsewhere [14, 20]. We calibrated the lattice depth from
measured radial trap frequencies with and without the
retroreflection beam. The motion of atoms along the lat-
tice direction is restricted because the axial energy ~ωz is
always kept higher than the thermal energy kBT , where
ωz is the confinement frequency along the lattice direc-
tion. To make sure that all the atoms are in the lowest
motional state in the lattice potential, we performed the
adiabatic band-mapping technique [20, 54]. We verified
that the percentage of the population in the first excited
motional state along the z axis is less than 10% by taking
into account both the size of the Brillouin zone and our
imaging resolution [55]. In our experiment, the magnetic
field is parallel to the optical lattice beams. Therefore,
only the p-wave Feshbach resonance for ml = ±1 symme-
try becomes active because all atoms are in the motional
ground state along the quantization direction [11, 20, 56].
To extract the three-body loss constant Q3 in the
quasi-2D system, the time evolution of the number of
atoms per site, Ns, is fitted to the solution of the rate
equation,
dNs
dt
= −Q3
〈
n2s
〉
Ns − ΓNs, (15)
where
〈
n2s
〉
= (N2s /3)
[
mω˜2/2pikBT
]2
is the mean-square
atomic density per site with 2D mean trap frequency
ω˜ =
√
ωxωy [55]. We performed all measurements in a
thermal regime so that we can safely assume the atomic
density profile as a Gaussian along the loosely confined
axes. Solid circles in Fig. 2 show Q3 as a function
of magnetic field detuning B − B0 at T = 3.0 µK,
ns = 7.0 × 1011 m−2, and with a lattice depth of
Vlat = 8.0 Erec (ωz = 2pi × 168 kHz). Here, Erec =
~
2k2/(2m) ≈ kB × 1.4 µK is the recoil energy of the
6Li atom. Similarly, in Fig. 2, solid squares indicate Q3
values T = 8.7 µK, ns = 9.7 × 1011m−2, and with a lat-
tice depth of Vlat = 35.0 Erec (ωz = 2pi × 350 kHz).
The vertical bars indicate the values of the magnetic
field detuning B − B0 at which qT/qr ≈ 0.3. In Fig. 2,
the dashed curves on the left side of the vertical bar
show the theoretical results obtained from Eq. (9) with
QAD ≈ (8.3 ± 1) × 10−9 m2/s, in agreement with ex-
perimental data. The ratios (γr/~)/(nsQAD) ≈ 3 for
Fig. 2(a) and (γr/~)/(nsQAD) ≈ 6 for Fig. 2(b) again
indicate that the observed three-body losses are mainly
due to indirect two-step processes when qT/qr ≥ 0.3.
In the region where qT/qr ≤ 0.3, the experimental data
deviate from the indirect process given by Eq. (9). There-
fore, we expect some universal scaling of the three-body
loss rate coefficient Q3 similar to the 3D case. In the far-
resonant region, the temperature threshold law can be
written as Q3 ∝ T λmin [40]. Here, λmin = 2 is a quantum
number associated with the dominated lowest three-body
continuum channel in the low-energy limit for three iden-
tical fermions in two dimensions [40]. Therefore, using
the dimensional analysis together with the temperature
threshold law similar to the 3D case, we expect the fol-
lowing scaling law:
Q3 = η
~
m
q4TA
3
p. (16)
In analogy with s-wave interactions [57], the dimension-
less constant η may have additional scattering area de-
pendence. The super Efimov effect [34] might be reflected
in a universal double-exponential scaling behavior of η.
We did not observe recombination loss peaks arising from
triatomic super Efimov resonances as predicted for three
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FIG. 3: (a) Dimensionless parameter η versus qT/qr. The
dotted horizontal line shows a constant value of η ≈ 2× 105,
which demonstrates the expected scaling law of Eq. (16) below
qT/qr = 0.3. The long dashed curve shows the results of
Eq. (9), which describes the deviation of the data from the
scaling of Eq. (16) at qT/qr ≥ 0.3.
identical fermions in the ml = ±1 state confined in two
dimensions [34]. Therefore, we consider η a dimension-
less constant as long as the threshold law and scattering
area scaling law hold.
In Fig. 2, the blue solid curves show the scaling of A3p
at fixed temperature using η ≈ 2×105 in Eq. (16). In our
experiment, we were restricted to confirming the thresh-
old law of T 2 in two dimensions at fixed Ap because it
was not possible to introduce controlled changes in tem-
perature at a fixed lattice depth [58]. Therefore, we fol-
lowed the method of displaying all results in dimension-
less units [15]. We plot η as a function of qT/qr in Fig. 3 to
clearly demonstrate the scaling of Eq. (16) and the range
over which it applies. The entire data set along with ad-
ditional data taken at 2.0, 3.4, 4.7, and 6.6 µK merge
into a single monotonic curve. Below qT/qr = 0.3, the
flat region of zero slope with an intercept of 2× 105 best
revealed the expected scaling law of Eq. (16) as shown
by the dotted horizontal line in Fig. 3. The long dashed
curve in Fig. 3 is the combined result from Eqs. (16)
and (9). The scaling of Eq. (16) holds over a relatively
small range in the weakly interacting limit. In our ex-
periment, the lower limit of Eq. (16) scaling is restricted
to qT/qr = 0.2, mainly due to the non-negligible con-
tribution of one-body decay. After the upper limit at
qT/qr = 0.3, the loss coefficient steeply increased similar
to the 3D case, and was well described by Eq. (9).
IV. CONCLUSION
In conclusion, we have quantitatively analyzed the
three-body loss coefficient as a function of temperature
and magnetic field using a theoretical model based on
a two-step loss process. The model nicely explains the
loss behavior just above the weak interaction limit, where
the universal scaling law is expected to hold. The model
reproduces the experimental three-body loss coefficient
results in both 3D and quasi-2D geometries with a sin-
gle parameter, i.e., an atom-molecule collision rate co-
efficient. In the weak-interaction limit, the three-body
loss coefficient is explained by the scaling law, meaning
that the three-body loss is dominated by the direct tran-
sition from the three free-atom-state into a deeply bound
dimer and one free atom. Slightly above the scaling-law
regime, the three-body loss coefficient deviates from the
scaling law but the behavior can be explained by the
model presented here, indicating that the universal scal-
ing law breaks down because the Feshbach dimer creation
gets faster and the three-body loss can be considered a
two-step process of a Feshbach dimer creation and an
atom-dimer collision.
Our results provide useful initial grounds for extending
the understanding of three-body physics in the presence
of p-wave Feshbach resonances. In our current theoretical
description, the atom-molecule collision rate coefficient is
the only parameter and is theoretically more difficult to
predict. We assumed that the atom-molecule rate coef-
ficient is independent of the magnetic field due to the
nonresonant nature of the relaxation process. However,
its precise dependence on atom-molecule collision energy
or temperature would be expected to vary over a wide
range of temperatures, from a very few to a few hundred
microkelvins. Understanding the atom-molecule rate co-
efficients as a function of collision energy near the p-wave
Feshbach resonance in both 3D and 2D cases is needed
to fully understand atomic losses near the Feshbach res-
onance, which prevents the realization of the p-wave su-
perfluid.
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